Synopsis. Evolutionary endocrinology represents a synthesis between comparative endocrinology and evolutionary genetics. This synthesis can be viewed through the breeder's equation, a cornerstone of quantitative genetics that, in its univariate form, states that a population's evolutionary response is the product of the heritability of a trait and selection on that trait (R ¼ h 2 S). Under this framework, evolutionary endocrinologists have begun to quantify the heritability of, and the strength of selection on, a variety of hormonal phenotypes. With specific reference to our work on testosterone and corticosterone in birds and lizards, we review these studies while emphasizing the challenges of applying this framework to hormonal phenotypes that are inherently plastic and mediate adaptive responses to environmental variation. Next, we consider the untapped potential of evolutionary endocrinology as a framework for exploring multivariate versions of the breeder's equation, with emphasis on the role of hormones in structuring phenotypic and genetic correlations. As an extension of the familiar concepts of phenotypic integration and hormonal pleiotropy, we illustrate how the hormonal milieu of an individual acts as a local environment for the expression of genes and phenotypes, thereby influencing the quantitative genetic architecture of multivariate phenotypes. We emphasize that hormones are more than mechanistic links in the translation of genotype to phenotype: by virtue of their pleiotropic effects on gene expression, hormones structure the underlying genetic variances and covariances that determine a population's evolutionary response to selection.
Introduction
Hormones are agents of biological coordination, orchestrating the (co)expression of genes and phenotypes in response to both intrinsic and extrinsic cues. Hormones circulate systemically, signal diverse cells and tissues, and regulate nearly all aspects of the phenotype, including behavior, morphology, physiology, and life history. As such, researchers working at the intersection of endocrinology and evolutionary biology have increasingly emphasized the importance of understanding (1) the genetic basis of endocrine phenotypes (Pavitt et al. 2014; Iserbyt et al. 2015) , (2) the strength and form of natural selection on endocrine phenotypes (McGlothlin et al. 2010; Patterson et al. 2014) , and (3) the evolutionary implications associated with hormonal regulation of other phenotypes under selection (Ketterson and Nolan 1999; Williams 2012) . Each of these topics is central to the emerging synthesis between comparative endocrinology and evolutionary genetics (Zera et al. 2007) .
In this article, we review recent progress and identify promising areas for new research along these three related fronts, using the breeder's equation as a conceptual framework for developing connections between endocrinology and quantitative genetics. We draw heavily from our own research on birds and lizards while focusing specifically on the steroid hormones corticosterone (CORT) and testosterone (T) as components of the interrelated hypothalamic-pituitary-adrenal (HPA) and hypothalamic-pituitarygonadal (HPG) axes. Our main goals are to (1) highlight the advantages and challenges of synthesizing comparative endocrinology with evolutionary genetics, (2) illustrate and propose methodological solutions to some of these challenges, and (3) call attention to the broader evolutionary significance of hormones as mediators of phenotypic and genetic correlations that shape the evolutionary trajectories of a multitude of behavioral, physiological, morphological, and life-history traits.
The breeder's equation as a conceptual framework
Evolutionary change in a phenotypic trait under selection can be separated into two components: selection itself, which arises from differential survival and reproduction, and inheritance, the transmission of parental phenotypes to the next generation. The effects of these components on evolutionary change are represented by the univariate breeder's equation:
where R is the per-generation evolutionary response of a quantitative trait to selection (the change in the phenotypic mean of the trait across generations), h 2 is the narrow-sense heritability (the proportion of phenotypic variance in the trait attributable to additive genetic variance among individuals), and S is the selection differential for that trait (the covariance between phenotype and relative fitness). These parameters are specific to the population under study, and both h 2 and S can vary substantially across space and time due to differences in the genetic makeup of a population and the dynamic influence of the environment it encounters.
As its name implies, the breeder's equation was developed as a predictive tool to guide artificial selection by animal breeders. Although useful in this context, the breeder's equation makes several assumptions that may limit its predictive power in wild populations (Morrissey et al. 2010 (Morrissey et al. , 2012 . Importantly, it assumes a causal effect underlying the phenotype-fitness covariance that defines S, a limitation that can be exacerbated by the exclusion of any additional traits or environmental factors that affect fitness and are correlated, causally or otherwise, with the focal trait (Wade and Kalisz 1990; Morrissey et al. 2010; Dantzer et al. 2016) . A partial solution lies in the multivariate expansion of the breeder's equation to include multiple traits, which can be expressed as:
where R is a vector of responses to selection on multiple traits, G is a matrix describing the additive genetic variances and covariances of these traits, P is a matrix describing the phenotypic variances and covariances of these traits, and S is a vector of selection differentials on these traits (Lande 1979) . Here, GP À 1 is a multivariate analog of h 2 . Alternatively, we may write:
where b is a vector of selection gradients (b), which represent the partial effects of each trait on fitness. This form is particularly useful because selection gradients can be estimated as partial regression coefficients of relative fitness on each trait (Lande and Arnold 1983) . Nonetheless, this multivariate approach still assumes that all traits causally influencing fitness have been included, which is unlikely for most studies of wild populations. Recent theoretical and empirical work suggests that the most reliable approach to predicting the evolutionary response to selection is to directly measure the additive genetic covariance between phenotype and fitness (i.e., the Robertson-Price identity, Morrissey et al. 2010; . Empirically, this approach is probably beyond the scope of most existing datasets for endocrine phenotypes, which tend to separately address either the genetic basis or the fitness correlates of phenotypic variation in endocrine traits, analogous to the separate terms of h 2 and S in the breeder's equation. For this reason, the breeder's equation provides a more useful conceptual framework for synthesizing studies of the genetic basis (h 2 ) and fitness consequences (S or b) of variation in endocrine phenotypes, and for identifying aspects of this framework that may prove particularly challenging for endocrine phenotypes. Likewise, the multivariate breeder's equation provides a conceptual backdrop for exploring the roles of hormones in coordinating patterns of phenotypic and genetic integration (P and G) that shape the evolutionary responses of entire suites of behavioral, physiological, and morphological phenotypes.
Heritability of endocrine phenotypes
Endocrine phenotypes are inherently complex and, depending upon the question at hand, could be quantified as concentrations of hormones, metabolites, binding proteins, or enzymes involved in hormone synthesis and degradation, as densities of hormone receptors in a particular tissue, or using more holistic measures, such as the hormonal output of an endocrine axis in response to stimulation (e.g., challenge of the HPG axis with gonadotropin-releasing hormone, GnRH, or territorial intrusion; challenge of the HPA axis with adrenocorticotropic hormone, ACTH, or acute stress) or the response of a tissue or organism (e.g., growth, behavior, gene expression) to an endocrine manipulation (e.g., treatment with exogenous hormone or its antagonist, ablation of the source of endogenous hormone). Nonetheless, most of what we know about the heritability of endocrine phenotypes comes from point estimates of circulating hormone levels, because the relative ease with which this phenotype can be measured is well suited to the large numbers of individuals (typically hundreds) required for robust estimates of heritability. Consequently, an important caveat to our current understanding of the genetic basis of endocrine phenotypes is that the majority of published data address circulating hormone levels, whereas selection presumably acts on more integrated aspects of endocrine axis function that also encompass factors such as binding globulins, receptor densities, and binding affinities (Bergeon Burns et al. 2014 Burns et al. , 2013 Patterson et al. 2014; Rosvall et al. 2016) .
Methodologically, estimates of h 2 for endocrine traits can be obtained using parent-offspring regression (Mills et al. 2009 ) or analogous approaches (Iserbyt et al. 2015) , by partitioning the additive genetic portion of phenotypic variance using information on relatedness obtained from controlled breeding experiments (Bates et al. 1986) , clinical twin studies (Bartels et al. 2003) , captive-born litters (King et al. 2004) , and pedigreed wild populations (Pavitt et al. 2014) , or by deriving the realized h 2 after experimentally applying S (i.e., artificial selection) and measuring R (Robison et al. 1994; Zera and Zhang 1995) . In addition to requiring large sample sizes, analyses of heritability (and of selection, see below) are only informative when phenotypes are measured with a high level of repeatability, which may be a general concern for point estimates of hormone levels that often vary temporally within individuals (Bonier et al. 2009b; Ouyang et al. 2011a; Pavitt et al. 2015; Zera 2016) .
Despite this caveat, point estimates of T levels are often repeatable within individuals (Pelletier et al. 2003; van Oers et al. 2011; While et al. 2010) , and heritable within populations (Supplementary Table  S1 ). Formal estimates of h 2 for plasma T levels are available from production-oriented studies of domestic pigs (Bates et al. 1986; Lubritz et al. 1991; Robison et al. 1994) , clinical studies of humans (e.g., Travison et al. 2014) , and evolutionary studies of captive mammals, birds, and reptiles (King et al. 2004; Mills et al. 2009; Iserbyt et al. 2015) . In general, these studies indicate fairly substantial heritability of circulating T levels (Supplementary Table S1 ).
Comparable data from wild populations are scarce, though studies of free-living red deer (Cervus elaphus) reveal low but significant heritability of circulating T levels in neonates (Pavitt et al. 2014) . Additive genetic variance for plasma T has also been confirmed as an evolutionary response to artificial selection for high or low T levels (Robison et al. 1994; Walker et al. 2004; Mills et al. 2012; Mokkonen et al. 2016) and as an indirect response to artificial selection on correlated traits such as immune function (Mills et al. 2010 ) and exploratory behavior (van Oers et al. 2011) . Whereas phenotypic levels of T typically differ between the sexes, genetic variation in plasma T can be positively correlated between the sexes, such that males with high T levels have sisters with relatively high T levels (Pavitt et al. 2014; Iserbyt et al. 2015) , though this is not always the case .
Plasma CORT levels are also repeatable within individuals, at least over some time scales and under some circumstances, though not under many others (Romero and Reed 2008; Bonier et al. 2009b; Ouyang et al. 2011a; Rensel and Schoech 2011) . Baseline levels of corticosterone are moderately heritable in some studies of birds (Jenkins et al. 2014) , as are baseline levels of cortisol in mammals and fish (Fevolden et al. 1999; Bartels et al. 2003; Federenko et al. 2004; Kadarmideen and Janss 2007) . Stress-induced changes in CORT levels may provide more informative phenotypes than baseline levels, and these holistic measures of stress response are also often heritable (Satterlee and Johnson 1988; Fevolden et al. 1999; Tanck et al. 2001; Federenko et al. 2004; Evans et al. 2006; Jenkins et al. 2014) . In barn swallows, stress-induced levels of CORT exhibit more additive genetic variance than do baseline levels, suggesting greater potential to evolve in response to selection, and these two measures are also genetically independent of one another (Jenkins et al. 2014) . Both baseline and stress-induced levels of CORT (or its metabolites) have also been shown to evolve as a correlated response to artificial selection on other traits, such as behavior and performance (Stöwe et al. 2010; Garland et al. 2016) . As a general conclusion, both baseline and induced levels of circulating T (Supplementary  Table S1 ) and CORT (Supplementary Table S2) tend to exhibit moderate heritability in a variety of vertebrate taxa. This indicates that at least some components of endocrine phenotypes-circulating hormone levels-tend to exhibit genetic variation and thus have the potential to respond to natural selection.
Selection on endocrine phenotypes
The univariate selection differential (S) for a trait can be quantified as the covariance between phenotype and relative fitness (individual fitness divided by population mean fitness). It is useful to estimate S using values of the trait that are standardized to a population mean of zero in unit variance (SD), so that S measures the number of standard deviations by which selection favors an increase or decrease the trait mean. An example of this approach using baseline levels of T and CORT in male eastern fence lizards, Sceloporus undulatus, is shown in Fig. 1 ( John-Alder et al. 2009 ). Because S includes both direct selection on the trait of interest and indirect selection on any correlated traits, multiple regression can be used to obtain partial regression coefficients (b, multivariate selection gradients) that partition out the direct effects of selection on individual traits from indirect selection acting via other traits in the analysis (Lande and Arnold 1983) . Despite the analytical simplicity of this approach, its widespread adoption by evolutionary biologists (see reviews by Kingsolver et al. 2001; Kingsolver and Pfennig 2007; Siepielski et al. 2009 ), and considerable interest among endocrinologists in the adaptive significance of hormonal phenotypes (Bonier et al. 2009a; Ouyang et al. 2011b; Dantzer et al. 2016) , formal estimates of phenotypic selection on levels of T and CORT (or any other hormone) are surprisingly rare (Supplementary Table S3 ).
The paucity of formal selection estimates for circulating hormone levels may relate, at least in part, to the close association of S and b with the breeder's equation and its goal of predicting evolutionary response. Field endocrinologists, who are acutely aware of the plasticity of circulating T and CORT levels in response to myriad intrinsic and extrinsic cues (Bonier et al. 2009a; 2009b; Goymann 2009; Kempenaers et al. 2008; Moore and Jessop 2003) , may be duly skeptical about the potential to predict R from even the most robust estimates of S or b in wild populations. For endocrine phenotypes, two interrelated concerns deserve mention, each of which is a special case of a more general issue in selection analyses (Mitchell-Olds and Shaw 1987; Wade and Kalisz 1990) . First, the inherent plasticity of circulating hormone levels, which is itself adaptive, means that the hormonal phenotype of an individual at any given time may yield an unreliable measure of the phenotype under selection over a longer interval (Williams 2008) . Similar concerns are often encountered in selection analyses of behavioral phenotypes (Brodie 1993; Brodie and Russell 1999) . In extreme instances, this endocrine plasticity can give rise to dramatically different correlations between fitness and circulating CORT depending on when in the breeding cycle the hormonal phenotype is assayed (Bonier et al. 2009b; Ouyang et al. 2013) . Second, estimates of S and b will be biased by any unmeasured phenotypes or environmental effects that influence both fitness and the phenotype of interest (Mitchell-Olds and Shaw 1987; Price et al. 1988; Wade and Kalisz 1990) . This may be particularly common in situations where intrinsic (e.g., energetic state) or extrinsic (e.g., local environmental quality) factors simultaneously alter hormone levels and, either independently or via their effects on hormone secretion, also influence fitness. Dantzer (2016) provides an example of this issue as it applies to correlations between CORT and fitness in red squirrels, Tamiasciurus hudsonicus. In Fig. 2 , we illustrate these Hormones as mediators of phenotypic and genetic integration 129 two concerns regarding (1) adaptive plasticity in hormone levels, and (2) unmeasured phenotypes and environmental effects, with data from female tree swallows, Tachycineta bicolor (Bonier et al. 2009b) .
In light of these concerns, how might studies of selection be conducted so as to provide greater insight into the adaptive significance of endocrine phenotypes? One partial solution, as encapsulated in the multivariate breeder's equation, is to measure correlated phenotypes and environmental effects, which can then be included in multivariate analyses to derive selection gradients (b) for endocrine phenotypes (Mills et al. 2007; McGlothlin et al. 2010; Patterson et al. 2014) . Nonetheless, there is no magic in a multiple regression, and the statistical partitioning of direct and indirect selection will often be difficult for traits that are highly collinear (Mitchell-Olds and Shaw 1987; Fairbairn and Preziosi 1996) . A second approach is to infer the relationship between hormones and fitness by experimentally altering circulating hormone levels or blocking their action, as frequently done for T and CORT in wild populations (Reed et al. 2006; Love and Williams 2008; John-Alder et al. 2009 ). The advantage of this approach is that it can be used to test for causal effects of hormones on fitness while randomizing any confounding phenotypic or environmental factors with respect to hormonal treatment. However, inferences about selection on natural phenotypic variance and covariance may be tenuous when based on manipulations that deliberately and dramatically alter these parameters (Fusani 2008; McGlothlin et al. 2010) . Third, if assessing the potential for an evolutionary response is indeed the goal, then the quantification of h 2 in wild populations can, at least in principle, address the extent to which plasticity in endocrine phenotypes obscures (or not) the exposure of additive genetic variance to selection. Although studies of the heritability of endocrine phenotypes in wild populations are sorely needed (Supplementary Tables S1 and S2) , we propose that a promising path forward for analyses of Fig. 2 Potential complications associated with measurement of selection on hormone levels, as illustrated by data from female tree swallows (Tachycineta bicolor). (A) Negative correlation between number of offspring fledged (expressed as relative fitness) and standardized variance in maternal CORT levels suggests significant directional selection for lower CORT. However, due to adaptive plasticity in hormonal secretion, opposing correlations with reproductive output are observed when maternal CORT is assayed early in the breeding season during egg incubation (B), versus later in the breeding season during the nestling stage (C). This presumably indicates that mothers with the lowest initial stress levels invest the most in reproduction, which causes an adaptive increase in their CORT levels, thereby complicating inferences regarding selection on CORT levels. Apparent selection on endocrine phenotypes (D) can also arise from confounding intrinsic (e.g., nutritional state) or extrinsic factors (e.g., environmental quality) that affect both CORT levels (E) and reproductive success (F), as shown here with hypothetical data. Redrawn in part from Bonier et al. (2009) with permission from Elsevier. selection in the wild will be to quantify endocrine phenotypes in more holistic ways that capture their inherently dynamic and integrated properties.
Examples of this approach come from recent analyses of selection on both baseline and experimentally induced variation in circulating T and CORT levels (McGlothlin et al. 2010; Patterson et al. 2014 ). In male dark-eyed juncos, Junco hyemalis, standardized injections of GnRH stimulate the HPG axis to produce elevated T levels that are repeatable within individuals (Jawor et al. 2006 ) and correlated with those induced by social stimuli . Whereas both survival and reproductive success generate uniformly weak selection on baseline T levels, these same components of fitness generate moderate directional selection (b) and strong stabilizing selection (g) on GnRH-induced T levels (Fig. 3) . Thus, a combination of multivariate selection analyses and dynamic measures of endocrine phenotypes revealed patterns of selection that were not evident from baseline T levels alone (McGlothlin et al. 2010 ). Likewise, Patterson et al. (2014) subjected white-crowned sparrows, Zonotrichia leucophrys, to handling stress to derive several measures of stress response for free (unbound) and total CORT, each of which demonstrated higher repeatability that did baseline levels of free and total CORT. Multivariate analyses including these endocrine phenotypes, along with several morphological and energetic variables, reveal a range of weak to moderate selection via survival and reproductive success on both baseline and stress-induced CORT levels (Patterson et al. 2014) . Moving forward, we suggest that evolutionary endocrinologists should build on these approaches by explicitly treating endocrine phenotypes as reaction norms or state-dependent traits (Williams 2008) , an emerging framework in quantitative genetic studies of adaptive phenotypic plasticity (Nussey et al. 2005; Kingsolver et al. 2015; Nussey 2015) .
Phenotypic integration and the multivariate breeder's equation
Whereas the univariate breeder's equation provides a basic conceptual framework for exploring the heritability of and selection on endocrine phenotypes, the multivariate breeder's equation can be used to illustrate the broader evolutionary significance of hormones as mediators of phenotypic and genetic integration for diverse traits. The concept of phenotypic integration has a long history in evolutionary biology (reviewed by Murren 2012) , and can be operationally defined by the structure of covariance or correlation between traits (Armbruster et al. 2014) , which is contained in P, the phenotypic variancecovariance matrix in the multivariate breeder's equation. Phenotypic variance provides the raw material upon which selection acts, but the covariance between phenotypes determines the extent to which selection can act independently (or not) on multiple traits (Lande and Arnold 1983) . Although phenotypic and genetic variances and covariances are used to predict evolutionary change, for simplicity we refer primarily to phenotypic and genetic correlations, which are analogous to phenotypic and genetic covariances, but are more intuitive because they are scaled to total variance so that they are bounded between À1 and 1 and correspond empirically to correlation coefficients.
Though correlations between traits may reflect constraints due to trade-offs or shared developmental and genetic pathways (Arnold 1992; Murren 2012) , they may also arise adaptively, due to correlational selection for co-expression of particular trait combinations (Brodie 1992 Ketterson et al. 2009 ). Given the growing appreciation of the dual significance of hormonal pleiotropy in facilitating adaptive phenotypic integration while also potentially constraining the independent evolution of integrated traits (Finch and Rose 1995; Ketterson and Nolan 1999; Hau 2007; Adkins-Regan 2008; Hau and Wingfield 2011; Williams 2012) , it is somewhat surprising that no study to date has directly quantified the effects of hormones on statistical patterns of phenotypic integration. Therefore, although the concept of hormonal pleiotropy is widely accepted, the extent to which hormones actually shape P and thereby alter the trait combinations available to selection remains largely conjectural.
To test this principle, we derived phenotypic correlation matrices for a suite of morphological and physiological traits that we have previously shown to be influenced by administration of exogenous T to juvenile brown anole lizards, Anolis sagrei (Cox et al. 2015 ; summarized in Fig. 4A-F) . We found that, whereas T-mediated traits such as growth, resting metabolic rate, and the size and coloration of the dewlap are generally uncorrelated with one another in juvenile females with uniformly low circulating T levels (mean r ¼ 0.20 AE 0.06 SE), they are weakly correlated in juvenile males with slightly more variable T levels (mean r ¼ 0.35 AE 0.08), and highly correlated when assessed across a broader range of T levels encompassing females with naturally low and experimentally elevated T levels (mean r ¼ 0.65 AE 0.06). This sharp increase in the overall degree of phenotypic integration (Fig. 4I-K) is directly attributable to the pronounced effects of exogenous T on the expression of ''male-typical'' phenotypes in females ( Fig. 4G and H ). As such, this example provides an illustrative proof-of-concept in which the effects of T are causally established, though it does not directly address the relevance of natural variation in plasma T (and in trait responsiveness to T) to phenotypic integration in males. Testing the role of natural variation in endocrine phenotypes with respect to statistical patterns of phenotypic integration represents an important avenue for progress in evolutionary endocrinology, particularly when combined with multivariate analyses of phenotypic selection.
Genetic (dis)integration by hormonal regulation of gene expression
Though it is generally accepted (if infrequently demonstrated) that hormonal pleiotropy can structure phenotypic integration and thereby shape P, what Fig. 4 Phenotypic integration mediated by testosterone (T) in the brown anole. Treatment of juvenile males and females with exogenous T elevates circulating T levels relative to blank-implanted controls (A) and reveals stimulatory effects of T on growth (B), resting metabolic rate (C), and dewlap size (D), as well as inhibitory effects on dewlap saturation (E) and brightness (F). Data are means AE SE. See Cox et al. (2015) for details. These effects of T generate positive phenotypic correlations between traits that respond similarly to T (G) and negative correlations between traits that respond in opposite directions (H). Experimentally enhanced variation in plasma T therefore results in phenotypic integration, as evident from comparison of phenotypic correlation matrices for the traits in panels (B)-(F) when measured across females in the blank-implanted group (I) versus females in the blank-implanted and T-implanted groups (J). Intensity of shading corresponds to the degree of correlation. Box-and-whisker plots (K) show median, 25-75 interquartile, and minimum/maximum for the n ¼ 10 values of r reported in (I) and (J). 132 R. M. Cox et al. is less widely appreciated is that hormones can also influence the underlying patterns of genetic variance and covariance that comprise G in the multivariate breeder's equation. This point is of particular significance because G describes the underlying genetic architecture through which selection is translated into evolutionary response (Arnold 1992) . To explore this principle in its simplest form, we can set aside the multivariate complexity of G and focus instead on the specific case of a single between-sex genetic correlation (r mf ), which quantifies the extent to which additive genetic effects (A) for a given trait are correlated between males and females:
where V Am and V Af are additive genetic variances within each sex. High values of r mf imply a strong genetic constraint on the evolution of sexual dimorphism because any selection on heritable variation in one sex should produce a correlated evolutionary response in the opposite sex. Consequently, the evolution of sexual dimorphism is expected to proceed via the gradual reduction of r mf for shared traits (Lande 1980 (Lande , 1987 , a prediction that is supported by comparative evidence (Poissant et al. 2010 ) and artificial selection experiments (Delph et al. 2011) . Interestingly, r mf is not a static property of a trait, but tends to decrease as ontogeny progresses and sexual dimorphism develops (Poissant and Coltman 2009 ). This developmental process of ''genetic disintegration'' is of particular interest in the context of evolutionary endocrinology because it likely often corresponds to maturational increases in the circulation of sex steroids such as T, which are known to activate many phenotypic sexual dimorphisms (e.g., Cox et al. 2015; Cox et al. 2005; ). Fisher (1958 was the first to recognize this association, proposing that the ontogenetic emergence of sex-specific genetic variance could be mediated by ''secretions of the sexual glands'' (Poissant and Coltman 2009 ).
To explore this idea, we recently characterized the ontogeny of sexual size dimorphism, its quantitative genetic architecture, and genome-wide patterns of sex-biased gene expression in the brown anole, Anolis sagrei (R. M. Cox, C. L. Cox, J. W. McGlothlin, D. C. Card, A. L. Andrew, and T. A. Castoe, in preparation) . Males and females of this species hatch at nearly identical sizes, but males grow to be over 30% longer and nearly three times as massive as females by adulthood Cox and Calsbeek 2010) . This gradual development of sexual size dimorphism during ontogeny is mirrored by the ontogenetic breakdown of r mf for body size ( Fig. 5A and B) , suggesting that many of the genes that initially contribute to size variation in similar ways in both sexes become increasingly sexspecific in their expression as ontogeny progresses. In line with this view, gene expression in the liver (which integrates growth and energetics) becomes increasingly sex-biased with age, whether viewed across the entire transcriptome (Fig. 5C ) or with respect to specific endocrine pathways related to growth, energetics, and cell proliferation (i.e., the growth hormone/insulin-like growth factor pathway, the mechanistic target of rapamycin pathway, and the insulin signaling pathway; Fig. 5D ).
Work currently underway suggests that this developmental breakdown of r mf via sex-biased gene expression may be orchestrated in large part by hormonal pleiotropy. For example, of the 466 genes conservatively identified as being significantly sexbiased during the period of maximal growth Hormones as mediators of phenotypic and genetic integration 133 divergence between the sexes (Fig. 5C ), 92 genes (20%) were also found to be significantly responsive to exogenous testosterone in a separate experiment on juvenile females (C. L. Cox, D. C. Card, A. L. Andrew, T. A. Castoe and R. M. Cox, in preparation) . Across the entire hepatic transcriptome, as well as within the GH/IGF, mTOR, and insulin signaling pathways mentioned above, the direction and magnitude of sex-biased gene expression also predicts the direction and magnitude of transcriptional responsiveness to T (C. L. Cox et al., in preparation) . In other species, pleiotropic effects of T on gene expression differ between sexes (Peterson et al. 2013 (Peterson et al. , 2014 , which could further increase the potential for sex-specific expression of genetic variance and covariance. Collectively, these findings suggest that pleiotropic effects of T on gene expression can result not only in the production of sexually dimorphic phenotypes, but also in the ''genetic disintegration'' of males and females with respect to additive genetic covariance for shared phenotypes. Though it remains to be tested, we predict that the pleiotropic effects of sex-biased hormones such as T also promote unique patterns of genetic integration within each sex (i.e., sex-specific G matrices), analogous to the role of T in promoting phenotypic integration (Fig. 4) .
Implications of phenotypic and genetic integration by hormones
Our review of heritability and selection estimates for circulating levels of T and CORT supports the general conclusion that heritable variation in endocrine phenotypes is, with several important caveats, often under selection in wild populations. However, our main goal has been to call attention to the larger significance of hormones in structuring the evolutionary trajectories of the numerous traits they regulate. First, we illustrated how pleiotropic effects of T can alter patterns of phenotypic correlation (Fig. 4) . These results imply that the phenotypic variance in hormone levels across a population, whether genetic or environmental in nature, will influence the trait combinations that are available to selection. Second, we used the specific case of a between-sex genetic correlation to illustrate how hormones such as T can, by virtue of their pleiotropic effects on gene expression, alter patterns of genetic correlation (Fig. 5) . A key implication of this result, and one that represents an exciting avenue for future research, is that hormonal regulation of sex-biased gene expression may permit traits mediated by T (and by other sex-biased hormones) to evolve more rapidly in response to sex-specific selection. Our results call attention to the fact that genetic variances and covariances are not immutable properties of a genome, but changing parameters that describe the translation of genotype to phenotype at a particular time, in a particular environment. By virtue of their systemic circulation and pleiotropic effects on transcription, hormones can be viewed as key features of the local environments in which genes reside and are translated into phenotypes. As such, differences in hormonal phenotypes among individuals should shape the population-level patterns of phenotypic (P) and genetic integration (G, r mf ) that mediate the translation of selection into evolution. Viewed in this light, hormones play an interactive role in the evolutionary process by responding directly to selection (e.g., for higher or lower circulating levels), while simultaneously influencing the evolutionary response to selection for the many other traits they adaptively regulate. When couched in this framework of evolutionary genetics, studies of endocrine mechanisms are thus uniquely situated to provide key insights into the nature of genotype-tophenotype mapping and the evolution of complex traits.
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